Steady-state heat transfer by moving groundwater in a normal Basin and Range heat-flow environment can easily provide the observed power loss.
INTRODUCTION
Hydrothermal activity occurs at many locations along the margins of the Black Rock Desert in northern Nevada (Waring, 1965; Renner and others, 1975; Brook and others, 1979) . The youngest volcanism in the region is basaltic and has been dated at 23 m.y. (Grose and Sperandio, 1978) , too old to represent heat sources for the modern hydrothermal activity. On the basis of high thermal gradients in wells, high heat flow in contiguous regions and the observed hydrothermal activity, others (1979, 1980) and Sass (1977, 1978) have included the Black Rock Desert within the Battle Mountain heat-flow high (BMH, Figure 1 ). This suggests that geothermal systems within the Black Rock Desert may be the result of deep circulation of groundwater, storage, and heating within a reservoir due to a high regional heat flow with subsequent discharge to the surface through permeable conduits within fault zones.
The present work was undertaken to provide additional heat-flow information for a geothermal resource assessment of the western arm of the Black Rock Desert. The assessment is primarily the responsibility of the Water Resources Division (WRD) of the U.S. Geological Survey and the Bureau of Land Management (BLM). All of the new data discussed herein were obtained from holes sited and drilled by WRD (Alan H. Welch, personal communication, 1980; Schaefer and others, 1980) . We have combined the data from 12 new heat-flow sites (Figure 2 ) with the results of Sass and others (1979) in an attempt to determine the thermal structure of the western Black Rock Desert, to delineate the extent of subsurface thermal features and to ascertain the nature and origins of the thermal fluids and heat sources. Lachenbruch and Sass, 1978; Lachenbruch, 1978) Abbreviations are BMH, Battle Mountain High; SRP, Snake River Plain; IB, Idaho Batholith; Y, Yellowstone; RGR, Rio Grande Rift; EL, Eureka Low; LV, Long Valley. Arrow indicates present study area.
-4 - (Kumamoto, 1978) .
This pattern is consistent with a relatively uniform WNW-ESE extension direction throughout northern Nevada (Zoback and Thompson, 1978) . The geologic setting of the western Black Rock Desert is summarized in Figure 2 .
The geologic information in the figure is generalized from Grose and Sperandio (1978) , Bonham (1969) , and Wilden (1964 Figure 2 . Geologic sketch map of the western Black Rock Desert and adjoining ranges. Geology and faults generalized from Grose and Sperandio (1978) , Bonham (1969), and Wilden (1964) . Small dots indicate control from Sass and others (1979) . This mean is significantly lower than that characteristic of the Battle Mountain (5) 70 (4) 86 (5) 517 (75) water; r = recharge and/or downward r N.
-« , from drill cuttings using the "chip" method (Sass and others, 1971) . A correction has been applied for formation porosity (see text). Conductivities estimated from measurements in adjacent borehole, BR02.
**Average conductivity (1.05 Wm l °K *) determined in situ for playa sediments in the southern Black Rock Desert, Nevada others, 1979a, 1979b) . ***Conductivity estimated from BR04 of similar type locality.
heat-flow high O125 mW m~2 or ~3 HFU, see Figure 1 ).
The average of 76 mWm 2 certainly is not indicative of the total heat loss from the region because of the observed hydrothermal manifestations and because some of the recharge for the systems may originate within the basin.
-12 - A rough calculation of the power loss for geothennal systems yields insight into the nature and origins of the thermal fluids and heat sources.
The total power loss for hydrothermal systems in the Black Rock Desert may be estimated from the combined anomalous conductive heat loss over the systems and adding to this the enthalpy of the discharge waters. In Crewdson, 1978, and Schaefer and others, 1980) . Contours labeled in kilometers. Location of heat-flow points shown for reference.
-15 - Anderson, 1978; Mariner and others, 1974) , then a minimum mass discharge of 60 kg sec 1 is required of the hydrothermal systems. For this mass discharge rate 29 kg sec 1 is vented at the surface in the form of hot springs, with the remainder being discharge from the reservoir into shallow aquifers, the heat being lost conductively. Keller and others (1978) interpret the hydrothermal regime of the southern Black Rock Desert in terms of thermal blanketing by low conductivity sediments in a "normal" Basin and Range geothermal regime.
Using chemically inferred reservoir temperatures for the spring systems and the depths of the alluvial cover, they estimate a mean thermal gradient of 140 °C km 1 on the assumption that springs are sampling aquifers near the base of the adjacent alluvial fill. This gradient would yield a regional heat flow of 145 mW m 2 , a value characteristic of some of the hotter parts of the Battle Mountain heat-flow high others, 1971, 1977; Lachenbruch and Sass, 1977) . According to the heat-flow data (Figure 4 The permeabilities of the fault zones through which thermal fluids rise are not known. However, if we consider an average of 5 darcies (Sorey, 1975) for the permeable part of the fault zone, a vertical piezometric gradient of ^1% is required to account for the mass discharge of the spring systems.
The boreholes located on the playa (BR1, BR2, and BR06-BR11, Figures 2 and 3) have an extrapolated mean annual temperature ^5°C lower than the mean annual temperature for boreholes located off the playa (BR01-BR05, and BR12, Figures 2 and 3) . This difference in albedo, attributed to the lack of vegetation on the playa, results in a piezometric gradient of ^1% (buoyancy effect caused by a AT of 5°C over a column of water) between fluids within the playa and fluids contained within fault zones adjacent to the playa.
Thus, the driving forces for the spring systems could result from free convection initiated by a change in surface albedo.
This crude analysis, while sensitive to some rather tenuous assumptions regarding the ratio of conductive to convective heat flux, reservoir temperature, depth of circulation and size of the systems (among others)
suggests that 60% to 100% of the systems mass discharge and heat loss may be accomplished by slow downward percolation of groundwater through playa sediments into a porous and permeable basal alluvium unit, from which the thermal fluids can move laterally and be subsequently discharged to the surface through fault zones, with the driving force supplied by the density contrast in the recharge versus discharge columns.
-19 -It should be further noted, however, that the observed low heat flows could just as easily reflect a thermal boundary imposed by lateral water flow in a porous and permeable alluvium unit beneath the playa clays. In this case, circulation of meteoric waters within playa sediments is playing a minor role in the heating of reservoir fluids. This, in turn, suggests that the thermal spring systems in the region are maintained solely by deep circulation of metoric waters within the crystalline basement of the surrounding ranges.
Only one or more deep boreholes through the basin fill into the crystalline basement will be able to resolve this ambiguity.
If we assume that the basin plays a minor role in the heating of thermal fluids, then the heat and mass discharge in the vicinity of the springs must be balanced by recharge occurring in the surrounding ranges. The anomalous heat discharge from the spring systems is equivalent to the regional heat flow (125 mW m" 2 or 3 HFU, Figure 1 ) over 275 km 2 . If recharging groundwater absorbs 30% to 60% of the regional heat flow as is the case for Roosevelt Hot Springs, Utah, (Ward and others, 1978) , heat absorbed over a recharge area of 400 to 900 km 2 could maintain the observed power loss. The ranges surrounding the Black Rock Desert (Granite, Black Rock, and Selinite Ranges, Figure 1 ) constitute more than sufficient area for recharge. The groundwater may also absorb a substantial amount of heat in lateral movement to the hot storage "reservoir". Supposing that the groundwater percolates downward uniformly, then vertical groundwater velocities in the recharge zones required to sustain the mass discharge rate range from 2 to 4 mm yr' 1 (30% and 60% heat absorption, respectively), some 1% to 2% of -20 -the local annual precipitation within the ranges.
For these recharge velocities, the depth of water flow needed to achieve the mean inferred reservoir temperature of 150°C would range from 4.5 to 5.7 km. A microearthquake survey run in the region for 30 days by Kumamoto (1978) suggests active, intense fracturing in the depth range 3-7 km indicating that channelways for this deep circulation of meteoric waters probably do exist.
Unfortunately, no heat-flow measurements are available in the ranges surrounding the Black Rock Desert. Such data would provide useful information on the extent of the systems, location of recharge areas, and subsurface groundwater flow (Lachenbruch and others, 1976 ).
-21 -
CONCLUSIONS
The heat-flow measurements made in this study, when combined with previous geological, geochemical and geophysical data lead to several conclusions which provide important constraints on the development of realistic geologic and thermal models for Black Rock Desert hydrothermal systems:
1) The nature (basaltic) and age (>20 m.y.) of volcanism in the region appear to preclude its being related to the heat source for modern activity suggesting that the hot springs are stable stationary phases supported by high regional heat flow and forced convection.
2) The net anomalous heat discharge from the hot spring systems is on the order of 30 MW based on estimates of convective and conductive heat loss.
Heat transfer by moving groundwater in a "normal" Basin and Range heatflow environment can easily provide the observed power loss.
3) Circulating groundwater flow from reasonably shallow depths (~2 to 6 km) can maintain the observed temperatures and mass discharges for hot springs in the Black Rock Desert.
4)
Hot and warm springs occur on or very near faults with Quaternary displacements. Perhaps these are the only places where conduits exist through which water may rise to the surface. Conceivably hot water may come from depth in many other places along fracture zones, only to mix with cooler groundwater and leak into the alluvium before it can be discharged at the surface.
- ., Figure 15 . Temperature and gradients for borehole BRIO.
